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2D‐NMR as a powerful tool to 
characterize chemical (and 
enzymatic) modification of lignin 
during eucalypt deconstruction in 
the pulp mill biorefinery 
wood 2D‐NMR
δC 
(ppm)
δH (ppm)
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lignin
cellulose
hemicellulose
2D‐NMR solved the problem (in heteronuclear
correlation spectra) providing an invaluable tool for 
understanding the complex structure of lignin.
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NMR has been classically used to analyze lignin but signal 
overlapping was a major problem in 1D NMR.
δC 
2D‐NMR enables determination 
of lignin units and inter‐unit 
linkages after its isolation (MWL, 
CEL, etc) from wood
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the two latter discovered by 2D NMR!  
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Information about lignin:
-Composition (aromatic region)
-Linkages (aliphatic oxygenated region)
Lignin 2D‐NMR: Whole HSQC spectrum
HSQC (heteronuclear single 
quantum correlation) spectrum 
of Eucalyptus globulus MWL
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Lignin 2D‐NMR: Aliphatic oxygenated region
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Lignin 2D‐NMR: Aliphatic oxygenated region (β‐O‐4' linkages)
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Lignin 2D‐NMR: Aliphatic oxygenated region (resinols)
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Lignin 2D‐NMR: Aliphatic oxygenated region (phenylcoumarans)
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Lignin 2D‐NMR: Aliphatic oxygenated region (spirodienones)
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Lignin 2D‐NMR: Aliphatic oxygenated region (cinnamyl ends)
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Lignin 2D‐NMR: Aromatic region (S units)
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Lignin 2D‐NMR: Aromatic region (Cα‐oxidized S units)
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Lignin 2D‐NMR: Aromatic region (G units)
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Lignin 2D‐NMR: Aromatic region (spirodienone aromatic signals)
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Lignin 2D‐NMR: Whole spectrum
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2D‐NMR analysis of lignin 
structure in five eucalypt
species (evaluated as pulp 
mill feedstocks)
E. grandisE. globulus E. nitens E. maidenii E. dunnii
Density 
(Kg/m3)
Active 
alkali
(%)
Kappa 
index
Yield
(%)
Viscosity 
(ml/g)
Residual 
alkali
(g/L)
Klason 
lignin
E. globulus 600 13.0 16.1 59.5 1413 3.6 18.7
E. nitens 450 17.5 16.3 50.4 1177 6.2 22.5
E. maidenii 600 18.0 16.5 50.8 1093 1.3 22.6
E. grandis 435 17.0 15.7 49.7 1148 9.2 21.1
E. dunnii 595 20.0 16.1 48.7 931 15.5 21.6
Rencoret et al. 2008. Structural characterization of milled wood lignin from
different eucalypt species. Holzforschung 62:514‐526
2D-NMR analysis
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Syringyl-to-guaiacyl (S/G) ratio, inter-unit linkages and end units (percentage of side-
chains) in lignin (MWL) isolated from five eucalypt species as shown by 2D-NMR
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Among enzymes involved in lignin
degradation, laccases (in presence 
of mediators) have often been 
assayed for delignification (due to 
stability, availability and lack of co‐
substrates)
The next examples concern 2D‐
NMR to better understand the 
potential of Biotechnology for the 
removal of E. globulus lignin in 
the pulp mill biorefinery
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In eucalypt TCF pulp, a laccase‐mediator
stage modifies residual lignin (NMR) and 
improves delignification (and bleaching) 
when followed by a peroxide stage
 discarded
other analyses (including 2D-NMR) 
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Kappa number and brightness analyses of 
enzymatic and control bleaching sequences
O-O-L-Q-PoP
Best result:
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Ibarra et al. 2006. Integrating laccase-mediator treatment into an industrial-type sequence for
totally chlorine free bleaching eucalypt kraft pulp. J. Chem. Technol. Biotechnol. 81:1159-1165.
2D-NMR analysis
Eucalypt lignin modification during O-O-L-Q-PoP
sequence as shown by 2D-NMR of isolated lignin
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Aliphatic signals (lignin linkages)
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Aromatic signals (lignin units)
Eucalypt lignin modification during O-O-L-Q-PoP
sequence as shown by 2D-NMR of isolated lignin
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• Eucalypt residual lignin is rich 
in S units (>70%) and β-O-4' 
bonds (>75% side-chains)
• Enzymatic stage causes 
oxidation of S units (>60%)
• Enzyme-altered lignin is 
removed by alkali in PoP stage
• Therefore, the kappa number 
decreases
• However, peroxide is necessary 
for good brightness (>90% ISO)
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Eucalypt lignin modification during O-O-L-Q-PoP
sequence as shown by 2D-NMR of isolated lignin
Ibarra et al. 2007b. Structural modification of 
eucalypt pulp lignin in a totally chlorine free 
bleaching sequence including a laccase-
mediator stage. Holzforschung 61:634-646.
Interestingly, it is possible to 
analyze changes in lignin (and 
polysaccharides) by 2D‐NMR
without its isolation (whole wood 
swelled in dimethylsulfoxide‐d6)
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Chips
Knife milling Ball milling
Sawdust Powder
gel in
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2D-NMR
wood HSQC
δC 
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of interest in enzymatic delignification 
Rencoret et al. 2009. HSQC-NMR analysis of lignin in woody (Eucalyptus globulus and Picea abies) and 
non-woody (Agave sisalana) ball-milled plant materials at the gel state. Holzforschung 63:691-698
Lignin content (%)4 Cycles LEp
Nearly 50% lignin reduction!8.6 % KLControlEp - LEp treatment: 
Trametes villosa laccase
(and HBT as mediator)Doses laccase 10  – 50  U/g
Doses HBT 2.5  %
Laccase is not only able to attack 
lignin in pulp but also when applied 
directly on ground wood, as a 
biorefinery pretreatment
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This resulted in improved hydrolyzability of wood 
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Control
Laccase alone
Laccase -HBT
… lignin modifications were "in situ" analyzed by 2D-NMR
Eucalypt samples pretreated with laccase and mediator were
further evaluated for saccharification and fermentation at VTT
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Laccase -HBT
Laccase -HBT
Laccase -HBT
2D‐NMR of the treated eucalypt (gel stage) revealed 
removal of lignin without changes in polysaccharides
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2D‐NMR of the treated eucalypt (gel stage) revealed 
removal of lignin without changes in polysaccharides
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 S' units have been identified (by HMBC NMR) 
as aromatic acids and ketones
(S' >60% lignin units!)
However, the most noticeable change 
is the increase of C‐oxidized S units
Gutiérrez et al. 2012. Demonstration of laccase-mediator removal of lignin 
from wood and non-wood plant feedstocks. Bioresource Technol. 119:114-122 ICEP6-2013
Recently, wood (and pulp) lignin 
removal by a commercial laccase 
(MtL from Novozymes) and a 
phenolic mediator (MeS) is 
investigated to increase the 
industrial feasibility
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MtLOH
O O
O O
MeS
The effect of MtL‐Ms was being investigated by 2D‐NMR directly on the treated (and 
control) wood and on the lignin (CEL) isolated from the treated (and control) wood 
ICEP6-2013
Control
MtL-MeS
Wood gels Isolated (CEL) lignins
Control
MtL-MeS
Rico et al. 2013. Pretreatment with laccase and a phenolic mediator degrades lignin 
and enhances saccharification of Eucalyptus feedstock. Biotechnol.Biofuels in press
Towards industrially‐feasible delignification by treating eucalypt pulp with 
Myceliophthora thermophila laccase (MtL) and a phenolic mediator (MS)
Low‐cost MtL can be used for 
eucalypt pulp delignification in 
combination with methyl 
syringate (MS)
Interesting results were obtained 
after lowering the doses of both 
MtL and MS, which made 
enzymatic bleaching with laccase‐
mediator industrially‐feasible
Babot et al. 2011. Towards industrially feasible
delignification and pitch removal by treating paper
pulp with Myceliophthora thermophila laccase and a
phenolic mediator. Bioresource Technol. 102:6717-
6722
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Pilot‐scale trials showed that an 
enzymatic stage using low‐cost 
laccase and unexpensive
phenolic mediator can be 
implemented in eucalypt pulp 
bleaching providing 
improvements in:
1) consumption of bleaching 
agents
2) control of pitch lipids
Process scale‐up at CTP pilot‐
plant presented  5th ICEP*
Scheme of the CTP pilot plant used for enzymatic bleaching
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Towards industrially‐feasible delignification by treating eucalypt pulp with 
Myceliophthora thermophila laccase (MtL) and a phenolic mediator (MeS)
ICEP6-2013
*Burnet et al. 2011. Upscaling TCF bleaching of Eucalyptus 
globulus pulp using an enzyme‐catalyzed oxygen 
delignification. Proc.5th ICEP (International Colloquium on 
Eucalyptus Pulp), Porto Seguro (Brazil), 9‐12 May.
2D‐NMR results not yet available...
• 2D‐NMR is a powerful tool to analyze lignin composition (in terms of 
aromatic units) and structure (including different interunit linkages) 
• Structural information on lignin in five eucalypt species correlated with
their pulp‐making properties (including yield and viscosity)
• Biotechnology can benefit from 2D‐NMR availability to develop most
effcient enzymatic delignification and bleaching processes (information
on the oxidative attack to the lignin polymer)
• In addition to isolated lignins (wood MWL/CEL and pulp residual lignin) 
whole lignocellulosic material can also be analyzed by 2D‐NMR (as gels)
• The latter approach was used to show for the first time the enzymatic
delignification of whole eucalypt wood (with polysaccharides unaffected) 
• The use of comercial laccases and phenolic mediators provides an
industrially‐feasible combination for pulp bleaching and enzymatic
delignification of wood in mill biorefineries
ICEP6-2013
Conclusions:
EU Funding:
(FP7 KBBE-2010-265397)
(FP7 KBBE-2013-613549)
(FP7 KBBE-2009-244362)
(FP6 NMP-2006-026456)
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Members of the IRNAS group
Members of the CIB group
Thanks you for your attention!
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